


















Abstract²'XULQJ DLUSRUW SODQQLQJ DQG GHVLJQ VWDJHV WKHPDMRU
LVVXHV RI FDSDFLW\ DQG VDIHW\ LQ FRQVWUXFWLRQ DQG RSHUDWLRQ RI DQ
DLUSRUWQHHGWREHWDNHQLQWRFRQVLGHUDWLRQ7KHDLUVLGHRIDQDLUSRUWLV
DPDMRUDQGFULWLFDOLQIUDVWUXFWXUHWKDWXVXDOO\FRQVLVWVRIUXQZD\V
WD[LZD\ V\VWHP DQG DSURQV HWF ZKLFK KDYH WR EH GHVLJQHG
DFFRUGLQJ WR WKH LQWHUQDWLRQDO VWDQGDUGV DQG UHFRPPHQGDWLRQV DQG
ORFDO OLPLWDWLRQV WRDFFRPPRGDWH WKHIRUHFDVWHGGHPDQGV+RZHYHU
LQPDQ\ FDVHV DLUSRUW DLUVLGHV DUH VXIIHULQJ IURP XQH[SHFWHG ULVNV
WKDW RFFXUUHG GXULQJ DLUSRUW RSHUDWLRQV 7KHUHIRUH VDIHW\ ULVN
DVVHVVPHQWVKRXOGEHDSSOLHGLQWKHSODQQLQJDQGGHVLJQRIDLUVLGHVWR
FRSH ZLWK WKH SUREDELOLW\ RI ULVNV DQG WKHLU FRQVHTXHQFHV DQG WR
PDNHGHFLVLRQVWRUHGXFHWKHULVNVWRDVORZDVUHDVRQDEO\SUDFWLFDEOH
$/$53 EDVHG RQ VDIHW\ ULVN DVVHVVPHQW 7KLV SDSHU SUHVHQWV D
FRPELQDWLRQ DSSURDFK RI )DLOXUH 0RGHV (IIHFW DQG &ULWLFDOLW\
$QDO\VLV )0(&$ )X]]\5HDVRQLQJ$SSURDFK )5$ DQG )X]]\
$QDO\WLF+LHUDUFK\3URFHVV)$+3WRGHYHORSDULVNDQDO\VLVPRGHO





Keywords²$LUSRUW DLUVLGH SODQQLQJ DQG GHVLJQ GHVLJQ IRU
VDIHW\IX]]\UHDVRQLQJDSSURDFKIX]]\$+3ULVNDVVHVVPHQW
, ,1752'8&7,21
5(6,'( VDIHW\ LV LPSRUWDQW SDUWLFXODUO\ IRU DLUSRUW
RSHUDWRUV ZKLFK KDV EHHQ DIIHFWHG E\ DLUFUDIW
PDQHXYHULQJVIURPUXQZD\VWRDSURQVWKURXJKWKHWD[LZD\
V\VWHP DQG YLFH YHUVD $FFLGHQWV DQG LQFLGHQWV DUH FOHDUO\
REVHUYHGLQWKLVDUHDZKLFKLVPRUHVXVFHSWLEOHLQDLUSRUWV>@
$LUVLGHRSHUDWLRQVDUHGHDOWZLWKE\VHYHUDOVHUYLFHSURYLGHUV
DQG RSHUDWRUV VXFK DV DLU WUDIILF FRQWUROOHUV DLUZD\V DLUILHOG
RSHUDWLRQV VDIHW\ DXGLWRUV DQG FLYLO DYLDWLRQ DXWKRULW\ >@
7KH VDIHW\ RI DLUVLGH RSHUDWLRQV LV PDQDJHG E\ WKH 6DIHW\
0DQDJHPHQW 6\VWHP 606 ZKLFK LV RUJDQL]HG DQG
SXEOLVKHG E\ WKH ,QWHUQDWLRQDO &LYLO $YLDWLRQ 2UJDQL]DWLRQ
,&$2DVUHJXODWLYHSURFHGXUHWRVXSSRUWDLUSRUWRSHUDWRUVLQ
UHJDUGWRULVNPDQDJHPHQWDQGPLWLJDWLRQ7KLVLVUHTXLUHGE\
,QWHUQDWLRQDO &LYLO $YLDWLRQ 2UJDQL]DWLRQ ,&$2 WR FHUWLI\
WKH DLUSRUWV E\ WKH QDWLRQDO FLYLO DYLDWLRQ DXWKRULW\ DQG WR
PDLQWDLQ WKH PLQLPXP VDIHW\ UHTXLUHPHQWV >@ 5LVN
PDQDJHPHQW LV D FRUH RI VDIHW\ PDQDJHPHQW V\VWHP LQ WKH
SURFHVV ZKLFK UHTXLUHV LGHQWLI\LQJ WKH SRVVLEOH KD]DUGV DQG




0DLWKHP $O6DDGL DQG 0LQ $Q DUH ZLWK WKH &LYLO (QJLQHHULQJ 6FKRRO
8QLYHUVLW\RI%LUPLQJKDP%778.SKRQH
   ID[        HPDLO
PXD#EKDPDFXN0$Q#EKDPDFXN
EHUHJXODUO\UHYLHZHGE\VHYHUDONLQGVRILQVSHFWLRQVWRHQVXUH
WKDW DOO RSHUDWLRQ UHTXLUHPHQWV FRPSO\ ZLWK LQWHUQDWLRQDO
UHJXODWLRQV >@ $LUSRUW SODQQLQJ DQG GHVLJQ VKRXOG
DFFRPPRGDWH WKH UHTXLUHG FDSDFLW\ HIILFLHQF\ DQG GHVLJQ
VWDQGDUGVDQGPDLQWDLQWKHVDIHW\UHTXLUHPHQWVWKDWDUHOLQNHG
ZLWK WKLVSURFHVV >@5HIHUHQFH >@ LQYHVWLJDWHV WKHHIIHFWRI
DLUSRUWIDFWRUVRQWKHRSHUDWLRQDOVDIHW\DQGGHYHORSVDPRGHO
WRDVVHVV WKH ULVNV WKDWDUH UHODWHG WR WKHVH IDFWRUVZKLFKDUH
FODVVLILHG LQWR ILYH PDLQ LWHPV LH DLUFUDIW RSHUDWLRQV DLU
WUDIILF FRQWURO DLUSRUW RSHUDWLRQV HQYLURQPHQW DQG
UHJXODWLRQV +RZHYHU DLUSRUW GHVLJQ LV RUGHUHG DV SDUW RI




E\ WUDGLWLRQDO VDIHW\ PDQDJHPHQW SURFHGXUH WKDW FRQVLVWV RI
WZR ULVN SDUDPHWHUV LH VHYHULW\ DQG OLNHOLKRRG 7KH
RFFXUUHQFH RI DLUFUDIW DFFLGHQWV VHHPV WR EH OLPLWHG DQG
QXPHULFDOO\ FRPSOLFDWHG ,Q DGGLWLRQ WKH VKRUWDJH RI GDWD
DYDLODELOLW\DQGXQFHUWDLQW\WHQGWREHWKHRWKHUFKDOOHQJHVIRU
GHDOLQJ ZLWK ULVN QXPHULFDOO\ DQG DLUSRUW IDFLOLWLHV DUH
RSHUDWLRQDOO\ FRQQHFWHG ZLWK HDFK RWKHU DV FRPSOLFDWHG
QHWZRUN 7KHUHIRUH WKH ZKROH RI DLUSRUW V\VWHP FRXOG EH
DIIHFWHGE\WKHIDXOWRIDQ\LQGLYLGXDOIDFLOLW\>@7KLVSDSHU
SUHVHQWVVDIHW\GHVLJQDVVHVVPHQWSURFHVVPRGHOWKDWFRQVLVWV
RI D FRPELQDWLRQ DSSURDFK )0(&$ )5$ DQG )$+3 WR
DVVHVV WKH ULVNV DW WKH SODQQLQJ DQG GHVLJQ VWDJHV 7KH
)0(&$ LV XVHG WR LQYHVWLJDWH DOO WKH SRVVLEOH IDLOXUHPRGHV
DQGWKHLUFRQVHTXHQFHVRIDLUVLGHVSDUWLFXODUO\DWWKHSODQQLQJ
DQG GHVLJQ VWDJHV RI WKH JURXQG PDQHXYHULQJ DUHDV ZKLFK
FRXOG EH FRQWULEXWHG WR DLUVLGH ULVNV 7KUHHPDLQ SDUDPHWHUV
LQFOXGLQJ SUREDELOLW\ 2FFXUUHQFH 2 'HWHFWLRQ IDFWRU '
DQG 0XOWLSOH &ULWHULD 6HYHULW\ 0&6 ZLOO EH WDNHQ LQWR
DFFRXQW LQ VDIHW\ ULVN DVVHVVPHQW 7KH0&6 LV HYDOXDWHG E\
IRXUIDFWRUV LHHIIHFWVRQ$LUFUDIW2SHUDWLRQV $23HRSOH




WKH )5$ LV HPSOR\HG WR GHDO ZLWK XQFHUWDLQWLHV DQG
XQDYDLODELOLW\RIGDWD DQGFRSHZLWK IDLOXUHPRGHDQGHIIHFW
DQDO\VLV VKRUWDJHV WR TXDQWLI\ WKH H[SHUW¶V NQRZOHGJH DQG
HQJLQHHULQJ MXGJPHQWV LQ RUGHU WR REWDLQ 5LVN 3ULRULW\
1XPEHU 531 7KH )$+3 LV WKHQ XWLOL]HG WR GHDO ZLWK
KLHUDUFKLFDO VWUXFWXUH RI SODQQLQJ DQG GHVLJQ V\VWHP DQG
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GHDOV ZLWK ULVN PDQDJHPHQW ,W LV D SURFHVV WR LGHQWLI\ DQG
DVVHVV DOO GLVWLQJXLVKDEOH KD]DUGV WKDW DUH FRQGXFWHG LQ WKH
GHVLJQSKDVH,WDQDO\VHVWKHHIIHFWDQGWKHOLNHOLKRRGRIHDFK
LGHQWLILHG KD]DUG WKDW FRXOG RFFXU 5LVNV VKRXOG EH UHGXFHG
LQWRWKHWROHUDEOHOHYHOEHIRUHWKHRSHUDWLRQSKDVH7KHDLPRI
VDIHW\GHVLJQLVWRLQYHVWLJDWHWKHULVNVZKLFKDUHSURGXFHGE\
GHVLJQ HUURUV DQG PLVWDNHV IURP SUHOLPLQDU\ WR GHWDLOHG
GHVLJQVWDJHV5LVNLQYHVWLJDWLRQDQGDQDO\VLVRIHYHU\GHVLJQ
VWDJHVKRXOGEHUHSRUWHGIRUWKHSXUSRVHRIEXLOGLQJDGHVLJQ
GDWDEDVH EDFNXS GXULQJ WKH GHVLJQ LPSURYHPHQWV SKDVH WR
HQKDQFHWKHIXQFWLRQDODQGVWDQGDUGSURFHVVRIWKHGHVLJQ>@
'HVLJQLPSURYHPHQWLVWKHZD\RIDVVHVVLQJWKHFRQFHSWVDQG
GHVLJQ RSWLRQV WR SURGXFH WKH UHTXLUHG GHVLJQ DOWHUQDWLYH
EDVHGRQULVNDQDO\VLV>@
,,, )$,/85(02'(())(&7$1'&5,7,&$/,7<$1$/<6,6
7KH)0(&$ LV RQHRI WKHPHWKRGRORJLHV WKDW LV FULWLFDOO\
XWLOL]HGWRLGHQWLI\WKHKD]DUGVDQGPDQDJHWKHULVNVIRUGHVLJQ
RI D V\VWHP 7KLV DSSURDFK FDQ EH DSSOLHG HLWKHU IURP WKH
XSSHU WR ORZHU OHYHOV RU WKH ORZHU WR XSSHU OHYHOV IRU VDIHW\
ULVNPDQDJHPHQWRIGHVLJQ IRU D V\VWHP7KHXSSHU WR ORZHU
SURFHGXUH DUH HPSOR\HG WR DVVLJQ WKH PDLQ ULVNV 7KH
FRQWLQXRXV DQDO\VLV RI ULVNV FDQ EH WKHQ LQYHVWLJDWHG ZLWK
UHJDUGWRFDXVHVDQGFRQVHTXHQFHVRIWKHVHULVNVWRREWDLQWKH
ILQDO UHVXOWV WKDWDUHQHFHVVDU\ IRUGHVLJQ LPSURYHPHQW$VD
V\VWHP FDQ EH GHFRPSRVHG LQWR GHWDLOHG XQLWV WKH ORZHU WR
XSSHUOHYHOSURFHGXUHFDQEHDSSOLHGWRLQYHVWLJDWHWKHKD]DUGV
PRUH SUHFLVHO\ IURP WKH ORZHU XQLW OHYHO WR WKH XSSHU XQLW
OHYHODQGILQDOO\WRDV\VWHP7KHPDLQGLIIHUHQFHEHWZHHQWKH
WZR SURFHGXUHV UHIHUV WKDW XSSHU WR ORZHU GHDOVZLWK FHUWDLQ
ULVNV RU SUREOHPV DQG ORZHU WR XSSHU OHYHO LQYHVWLJDWHV D
ZKROH V\VWHP >@ 7KH DLUSRUW LQIUDVWUXFWXUH LV VLPLODU WR D
V\VWHPZKLFK FDQ EH VDIHO\ RSHUDWHG E\ GHDOLQJZLWK LQLWLDO
WDUJHWV RI DLUSRUW IXQFWLRQDOLW\ RSHUDWLRQV DQG LPSURYHPHQWV
WKDW DUHPDQLSXODWHG LQ WKH SODQQLQJ DQG GHVLJQ SURFHVV >@
7KH SURFHVV FRQVLVWV RI VHYHUDO VWHSV WKDW VWDUW IURP
GHFRPSRVLQJ WKH V\VWHP FRPSRQHQWV DQG DVVLJQLQJ DOO WKH
SRVVLEOH ULVNV ZLWKLQ D V\VWHP 7KH ULVNV VKRXOG EH




DSORPN uu   

7KHQ WKH ULVNV FDQ EH FULWLFDOLW\ LQYHVWLJDWHG TXDOLWDWLYHO\
RUTXDQWLWDWLYHO\E\XVLQJ)0(&$WKDW LV VXLWDEOH IRUGHVLJQ
HQKDQFHPHQW >@ +RZHYHU WKH 531 KDV EHHQ DIIHFWHG E\
VRPH OLPLWDWLRQV >@ 7KH 531 LV QRW UHSUHVHQWHG WKH DFWXDO
VLWXDWLRQRIXQGHUO\LQJ HVWLPDWHG ULVNV EHFDXVH VRPHWLPHV LW
PD\EHFDOFXODWHGDVDVDPHUHVXOWIRUGLIIHUHQWYDOXHVRI WKH
WKUHHSDUDPHWHUVRI26DQG'$OVR LWPD\KDYH WKHVDPH
GHJUHH RI ULVN LPSDFW EXW WKH DFWXDO VLWXDWLRQ PLJKW EH
GLIIHUHQW)XUWKHUPRUH WKHVHSDUDPHWHUVFDQQRWEHTXDQWLILHG
DFFXUDWHO\LQVRPHFDVHV,QRUGHU WRFRSHZLWKFKDOOHQJHVRI








`^ UxxuxA A  

ZKHUH Au  [ UHSUHVHQWV WKHPHPEHUVKLSIXQFWLRQ LQDUDQJH
RI>@[LVGHULYHGIURPOLQJXLVWLFWHUPVDQGULVXQLYHUVH
RI GLVFRXUVH 0HPEHUVKLS IXQFWLRQ FDQ EH JUDSKLFDOO\
UHSUHVHQWHG E\ VHYHUDO W\SHV RI WULDQJXODU WUDSH]RLGDO EHOO

































ZKHUH a, b, DQG c UHSUHVHQW WKH UDQJH YDOXHV RI WULDQJXODU
IXQFWLRQ WKDW GHWHUPLQH x UHODWLRQVKLS 7KH PRVW LPSRUWDQW
IX]]\RSHUDWLRQVZKLFKDUHXWLOL]HGIRUULVNPDQDJHPHQWDUH
LQWHUVHFWLRQDQGXQLRQ7KH\FDQEHUHSUHVHQWHGE\PLQLPXP
DQG PD[LPXP IXQFWLRQV $SSUR[LPDWH UHDVRQLQJ LV DOVR
GHSHQGHG RQ LI ± WKHQ UXOHV WKDW DUH GHULYHG IURP KXPDQ
H[SHULHQFHV ZKLFK FRQVLVW RI PRUH WKDQ RQH LQSXW DQG RQH
RXWSXW>@>@

   iR IFx isA ANDx isA THENyisB  

ZKHUH      DQGx x A A DUHOLQJXLVWLFLQSXWWHUPVDQGyDQG
BDUHOLQJXLVWLFRXWSXWWHUPV
7KH IX]]\ LQIHUHQFHV\VWHPFDQEHGLYLGHG LQWR IRXU LWHPV
WKDW DUH VWDUWHG IURP UXOH EDVH HVWDEOLVKPHQW WRZDUGV
IX]]LILFDWLRQ IX]]\ LQIHUHQFH HQJLQH DQG ODVWO\
GHIX]]LILFDWLRQ)X]]LILFDWLRQ LV WKHSURFHVVRI WKH WUDQVIHURI
H[SHUW NQRZOHGJH DV D OLQJXLVWLF WHUP QXPEHU RU UDQJH RI
QXPEHUV LQWR FRUUHVSRQGLQJ PHPEHU IXQFWLRQV WKDW KDYH
LQWHUYDOV RI > @ 7KH IX]]\ UXOHV DUH WKHQ DVVHVVHG E\
IX]]LILHGQXPEHUV WRUHFRJQL]HZKLFKUXOHVFDQEHILUHG7KH
ILUHG UXOHV KDYH YDOXHV LQ WKH ILUVW SDUW WKDW LV GHQRWHG ,)
VWDWHPHQW7KH ILULQJVWUHQJWK  iD  VKRXOGEHFDOFXODWHGE\
DSSO\LQJ PLQLPXP RSHUDWLRQ IRU WKH ILUHG UXOHV WR REWDLQ
WUXQFDWHGIX]]\VHWVDQGFDQEHUHSUHVHQWHGE\>@>@

 `PLQ^  xuxu AAi  D 

ZKHUH   Au x  DQG   Au x  DUH PHPEHUVKLS IXQFWLRQV RI
IX]]\VHWV  DQGA A 
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`PLQ^ yuu iimp ED 

0D[LPXP RSHUDWLRQ VKRXOG EH WKHQ XWLOL]HG WR DJJUHJDWH
ILULQJVWUHQJWKUHVXOWVLQWRRQHIX]]\VHWE\XVLQJ

 `PD[^  yuyuyuyu impiimpimpagg  

ZKHUH  aggu y LV PHPEHUVKLS IXQFWLRQ RI IX]]\ VHW DIWHU
DJJUHJDWLRQ DQG  impiu y  LV PHPEHUVKLS IXQFWLRQ RI WKH
WUXQFDWHGIX]]\VHWiDIWHULPSOLFDWLRQ
























ZKHUH defY  LV WKH ZHLJKWHG PHDQ YDOXH RI PD[LPXP
FRQFOXVLRQ iy  UHSUHVHQWV WKH VXSSRUW YDOXH DW ZKLFK i-th
PHPEHUVKLS IXQFWLRQ UHDFK LWV PHDQ YDOXH DQG n LV WKH
QXPEHURIDJJUHJDWHGULVNOHYHOFRQFOXVLRQV>@>@
9)8==<$1$/<7,&+,(5$5&+<352&(66)$+3
7KH )$+3PHWKRGRORJ\ LV D XVHIXO DSSURDFK WRPDLQWDLQ
WKH UHODWLYH ZHLJKWV DQG GDWD RI SDUWLDO VXEFRPSRQHQWV WR
FRPSRQHQWDQGWKHQWRDV\VWHP,WLVDOVRDIOH[LEOHDSSURDFK
WKDW FDQ EH VLPSO\ FRPELQHG ZLWK RWKHU WKHRULHV 7KLV
PHWKRGRORJ\ FRPSDUHV FULWHULD DQG VXEFULWHULD OHYHOV E\









7KH JHRPHWULF PHDQ PHWKRG LV VXLWDEOH WR FRSH ZLWK WKH






































  niniiiii aaaaar


aaaaaa  " 
    aaaaaaa  nii rrrrrrw " 


ZKHUH ija  LVIX]]\WULDQJXODUQXPEHUn LVPDWUL[GLPHQVLRQ













)LQDOO\ WKH QRUPDOL]HG ZHLJKWV FDQ EH REWDLQHG E\ 
>@
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ZKHUH iw LVQRUPDOL]HGZHLJKWRIi-thIDFWRU iNFW LVFULVS
ZHLJKWRIi-thIDFWRUDQGnLVQXPEHURIZHLJKWIDFWRUV






wRLRL ¦    

ZKHUH component iRL LVULVNOHYHOIRUIDFWRURIi-th FRPSRQHQW
9, 6$)(7<'(6,*1$66(660(17352&(6602'(/
,Q WKLV SDSHU D FRPELQDWLRQ DSSURDFK KDV EHHQ HPSOR\HG
IRUWKHVDIHW\ULVNDVVHVVPHQWLQWKHSODQQLQJGHYHORSPHQWDQG
GHVLJQ VWDJHV IRU WKH JURXQG PDQHXYHULQJ DUHDV LQ DLUSRUW
DLUVLGHV 7KH VWDJHV FRQVLVW RI VLWH VHOHFWLRQ PDVWHU SODQ
FRQFHSWXDO GHVLJQ DQG GHWDLOHG GHVLJQ $ FRPELQDWLRQ
PHWKRGRORJ\ LQFOXGHV )0(&$ )5$ DQG )$+3 7KH
)0(&$KDVEHHQHPSOR\HGWRLQYHVWLJDWHDQGDVVHVVWKHULVNV
IRU GHVLJQ RI WKH JURXQG PDQHXYHULQJ DUHD ZLWKLQ DLUSRUW
DLUVLGHV DQG SULRULWL]H WKH ULVNV DFFRUGLQJ WR WKUHH PDLQ
SDUDPHWHUVZKLFKDUHSUREDELOLW\RFFXUUHQFHPXOWLSOHFULWHULD
VHYHULW\DQGGHWHFWLRQ WRREWDLQ WKHUHTXLUHGDFWLRQVIRUULVN
PLWLJDWLRQ )5$ KDV EHHQ FRPELQHG ZLWK )0(&$ WR FRSH
ZLWK WKH XQFHUWDLQWLHV DQG WKH ODFN RI GDWD E\ GHDOLQJ ZLWK
KXPDQ H[SHULHQFHV 7KH )$+3 DSSURDFK KDV EHHQ DOVR
FRPELQHGWRREWDLQWKHUHODWLYHSUHIHUHQFHIRUULVNIDFWRUVDQG
DYRLG WKH PLVVLQJ GDWD LQ KLHUDUFKLFDO OHYHOV WKDW DUH VWDUWHG
IURPVXEFRPSRQHQWVWRFRPSRQHQWVDQGWRDV\VWHP
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0RVW UHVHDUFKHV RI VDIHW\ ULVN DVVHVVPHQW IRU WKH DLUSRUW¶V
LQGXVWU\ KDYH FRQVLGHUHG RSHUDWLRQDO FDXVHV DQG HIIHFWV RI
ULVNV DQG VKRUWFRPLQJV VHHP WR EH FOHDU LQ WKH PRGHOLQJ
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7KH VDIHW\ GHVLJQ DVVHVVPHQW SURFHVV PRGHO KDV EHHQ
SURSRVHG WR LQFRUSRUDWH ULVN DVVHVVPHQW ZLWK WKH SODQQLQJ
GHYHORSPHQW DQGGHVLJQ VWDJHV DV VKRZQ LQ)LJ %HFDXVH
DLUSRUW SODQQLQJ DQG GHVLJQ LV VWUDWHJLF SURFHVV WKH PRGHO
GHYHORSLQJLQFOXGHVLQYHVWLJDWLRQRIULVNHIIHFWVLQGHWDLOVWKDW
FRXOG DIIHFW ULVN SULRULW\ DQG GHFLVLRQ PDNLQJ IRU GHVLJQ
UHYLHZLQJ 7KH SURSRVHGPRGHO LV H[SODLQHG LQPRUH GHWDLOV
E\WKHIROORZLQJVWHSV
A. A Hierarchal Framework of Planning and Design System 
7KH KD]DUG LGHQWLILFDWLRQ LV WR FRQVLGHU DQ\ SRVVLEOH IDXOW
ZLWKLQFRPSRQHQWVRIDV\VWHP7KHKD]DUGFRXOGQRWSURGXFH
GDQJHURXV HYHQWV ZLWKRXW DSSHDULQJ FHUWDLQ FRQGLWLRQ WKDW
DIIHFW WKH DLUSRUW HQYLURQPHQW +D]DUGV FRXOG EH GLUHFWO\ RU
LQGLUHFWO\DSSHDUHGLQDLUSRUWHQYLURQPHQW>@%DVHGRQWKH
SURFHGXUH RI ERWWRP XS ULVN DVVHVVPHQW SODQQLQJ
GHYHORSPHQWDQGGHVLJQV\VWHPRIDLUSRUWDLUVLGHVLQSDUWLFXODU
DUHDVRIJURXQGPDQHXYHULQJVLVGHFRPSRVHGLQWRWKUHHPDLQ
OHYHOV 7KH GHVLJQ IRU VDIHW\ UHSUHVHQWV WKH ILUVW OHYHO RI D
V\VWHP ZKLFK LV IROORZHG E\ DLUSRUW SODQQLQJ DQG GHVLJQ












































B. Estimation of Multiple Criteria Severity 
6WHS,QSXW3DUDPHWHUV





VHYHULW\ RQ VDIHW\ RI DLUFUDIW RSHUDWLRQV DQG KRZ LW PD\ EH
VLJQLILFDQWO\UHGXFHG3HRSOHFULWHULRQ LVXVHG WRH[DPLQH WKH
HIIHFWV RI IDXOWV LQFLGHQWV RU DFFLGHQWV SK\VLFDO LPSDFW RQ
SHRSOH ZKLFK DUH SDVVHQJHUV DLUFUDIW FUHZ HPSOR\HHV HWF
$LUSRUWUHSXWDWLRQLVWKHWKLUGFULWHULRQZKLFKLVXVHGWRDVVHVV
WKH HIIHFWV RI IDXOWV LQFLGHQWV RU DFFLGHQWV RQ UHSXWDWLRQ
LPSDFWZLWKLQFRPPXQLW\QDWLRQDORULQWHUQDWLRQDOOHYHO7KH
ODVW FULWHULRQ GHDOV ZLWK ILQDQFLDO LPSDFW WKDW DUH UHODWHG WR
DPRXQW RI ORVLQJ EDVHG RQ FRQVHTXHQFHV RI GDPDJHV >@
(YHU\ IDLOXUH PRGH ZLWKLQ GHVLJQ V\VWHP KDV IRXU VHYHULW\
LQSXWSDUDPHWHUVZKLFKDUH$23$5DQG)/7KHVH
SDUDPHWHUVDUHEDVHGRQVXEMHFWLYHFODVVLILFDWLRQWRDVVHVVWKH





%HFDXVH RI XQDYDLODELOLW\ RI GDWD DQG XQFHUWDLQW\ ILYH
H[SHUWV ZLWKLQ WKH GRPDLQ RI DLUSRUW VDIHW\ GHVLJQ DQG
RSHUDWLRQ DUH DVVXPHG WR REWDLQ WKH UHTXLUHG GDWD WKDW DUH
GHSHQGHG RQ WKHLU H[SHULHQFHV DQG VNLOOV  (YHU\ H[SHUW KDV
GLIIHUHQW EDFNJURXQGV LQ WHUPV RI H[SHULHQFH \HDUV DQG MRE
WLWOHLQDSDUWLFXODUILHOG7KHH[SHUWVLQDLUSRUWVKDYHGLIIHUHQW
VSHFLDOLVW EDFNJURXQGV DQG H[SHULHQFH \HDUV IRU H[DPSOH
WKHUH DUH H[SHUWV LQ DLUILHOG RSHUDWLRQV VDIHW\ DXGLWLQJ DLU
WUDIILFFRQWURODQGPDLQWHQDQFHRIDLUILHOGLQIUDVWUXFWXUHV7KH
H[SHULHQFH\HDUVYDU\ IURP OHVV WKDQ ILYH\HDUV WRPRUH WKDQ
 \HDUV DQG UHIOHFW WKH H[SHUW¶V NQRZOHGJH DQG MXGJPHQWV
DERXW ULVN DVVHVVPHQW IRU DQ DLUVLGH V\VWHP ([SHUWV KDYH D
YDULHW\RIRSLQLRQVDQGMXGJPHQWVWKDWDIIHFWWKHUHVXOWVRIULVN
DVVHVVPHQW:HLJKWIDFWRUZKLFKVKRXOGEHDVVLJQHGIRUHYHU\
H[SHUW GHSHQGV RQ H[SHULHQFH \HDUV WKDW YDU\ IRU ORQJ WLPH















ZKHUH iEWF  LV WKHZHLJKW IDFWRU RI WKH i-th H[SHUW L(< LV
H[SHUW¶VH[SHULHQFH\HDUVnLVQXPEHURIH[SHUWV
7KH VFRUHV IRU WKH ULVN IDFWRUV ZKLFK UHIOHFW WKH H[SHUW¶V
LGHDV DQG H[SHULHQFHV LQ WKHLU MREV VKRXOG EH DVVLJQHG 7KH
VFRUHVFDQEHDVVLJQHGLQGLIIHUHQWIRUPVWKDWFRXOGEHFHUWDLQ
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'HVFULSWLRQ ,QSXWYDOXHV ,QSXWW\SHV 8)1V
µµLVD¶¶ ^D` $QXPHULFDOYDOXH ^DDD`



















sEWFWS ¦    









7KH VHYHULW\ FDQ EH FODVVLILHG LQWR ILYH OLQJXLVWLF WHUPV
ZKLFK DUH µ¶1R VDIHW\ HIIHFW¶¶ µ¶0LQRU¶¶ µ¶0DMRU¶¶
µ¶+D]DUGRXV¶¶ DQG µ¶&DWDVWURSKLF¶¶ >@ ,Q WKLV FDVH WKH
QXPEHU RI OLQJXLVWLF GHVFULSWRUV LV ILYH DQG WKH QXPEHU RI
SDUDPHWHUVLVIRXU7KHQXPEHURIUXOHVFDQEHFDOFXODWHGDV
î  î  î     UXOHV +RZHYHU WKH\ UHSUHVHQW D KLJK
QXPEHU RI UXOHV ZKLFK UHTXLUH PRUH WLPH DQG HIIRUWV WR
HVWLPDWH WKHPXOWLSOH FULWHULD VHYHULW\ 7KH\ DUH GHFRPSRVHG
LQWR WZR JURXSV WR HVWLPDWH WKH VHYHULW\ IRU HYHU\ WZR
SDUDPHWHUV VHSDUDWHO\ 0XOWLSOH FULWHULD VHYHULW\ LV WKHQ
HVWLPDWHGE\XVLQJWKHUHVXOWVRIWZRJURXSVRISDUDPHWHUVLQ
RUGHU WR VLJQLILFDQWO\ GHFUHDVH WKH QXPEHU RI UXOHV7KH ILUVW
JURXS FRQVLVWV RI HIIHFWV RQ DLUFUDIW RSHUDWLRQV $2 DQG
HIIHFWVRQSHRSOH3DQGWKHVHFRQGJURXSFRQVLVWVRIHIIHFWV
RQ DLUSRUW UHSXWDWLRQ $5 DQG ILQDQFLDO ORVV )/7KH UXOHV
DUH EXLOW IRU HDFK JURXS DV  î    UXOHV DQG DIWHU WKH
HVWLPDWLRQRI$2	3DQG$5	)/VHYHULW\WKHUXOHVDUH
FDOFXODWHG DV  î     IRU PXOWLSOH FULWHULD VHYHULW\
HVWLPDWLRQ 7KH WRWDO QXPEHU RI UXOHV LV  LQVWHDG RI 
UXOHVZKLFKUHIHUWRRIUXOHVDUHGHFUHDVHG,QWKLVFDVH
WKH LQSXWSDUDPHWHUVDUH UHGXFHG LQWR WZRSDUDPHWHUV LQVWHDG






HPSOR\HG WR UHSUHVHQW GHVFULSWRUV RI VHYHULW\ SDUDPHWHUV DV
LOOXVWUDWHGLQ)LJ
7KH XQLIRUP ZHLJKWHG VFRUHV RI VHYHULW\ SDUDPHWHUV DUH
IX]]LILHG WR REWDLQ WKH FRUUHVSRQGLQJ PHPEHUVKLS IXQFWLRQ
YDOXHVZLWKLQUDQJHRI>@7KHIX]]LILHGYDOXHVDUHDSSOLHG
WR REWDLQ WKH ILUHG UXOHV IRU HYHU\ JURXS RI SDUDPHWHUV 7KH
ILULQJ VWUHQJWK LV GHWHUPLQHG E\ XVLQJ  7KH PLQLPXP
RSHUDWLRQLVDSSOLHGWRPHPEHUVKLSIXQFWLRQVRIILULQJVWUHQJWK
WRREWDLQWKHWUXQFDWHGIX]]\VHWDIWHULPSOLFDWLRQE\XWLOL]LQJ












$IWHU WKH IX]]\ LQIHUHQFH SURFHVV WKH UHVXOWV RI $2	3
DQG$5	)/DUHGHIX]]LILHGXVLQJLQRUGHUWRREWDLQWKH
FULVS YDOXHVZKLFK DUH WKHQ XVHG DV LQSXW SDUDPHWHUV LQ WKH
QH[W VWHS 7KHVH SDUDPHWHUV DUH LQWURGXFHG WR HVWLPDWH WKH
PXOWLSOHFULWHULDVHYHULW\E\DVLPLODUSURFHVV7KHILQDOFULVS
YDOXH RI WKH PXOWLSOH FULWHULD VHYHULW\ LV DSSOLHG LQ WKH QH[W
VWHSRI531HVWLPDWLRQ
C.Risk Priority Number Estimation  




VHULRXVQHVVRIVHYHULW\ WKDW LVFRQWULEXWHG LQ531HVWLPDWLRQ
7KH ULVN SDUDPHWHUV DUH JUDSKLFDOO\ UHSUHVHQWHG E\ IX]]\
WULDQJXODU PDSSLQJ WKDW LQFOXGHV ILYH OLQJXLVWLF WHUPV IRU 2
0&6DQG'$VDPSOHRIWULDQJXODU0)VIRUULVNSDUDPHWHUV
LV VKRZQ LQ )LJ  7KH 531 LV UHSUHVHQWHG E\ WKH IX]]\
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%\ FRPELQLQJ )5$ DQG )0(&$ ULVNV FDQ EH HYDOXDWHG
WKURXJKD UXOHEDVH7KHQXPEHURI IX]]\ UXOHV IRU WKH WKUHH
PDLQULVNSDUDPHWHUVZKLFKDUH20&6'LVUXOHV7KH
W\SLFDOUXOHIRUULVNHVWLPDWLRQLQWKLVVWXG\LVVWDWHGDV,)2LV









7KH LPSOLFDWLRQ SURFHVV LV LPSOHPHQWHG E\ PLQLPXP
RSHUDWLRQIRUPHPEHUVKLSIXQFWLRQVRIILULQJVWUHQJWKDQGWKH
UXOHRXWSXWVZKLFKDUHUHSUHVHQWHGE\OLQJXLVWLFWHUPVVXFKDV
ORZ ULVN PHGLXP ULVN DQG KLJK ULVN E\ XVLQJ  7KH
DJJUHJDWLRQ RI PLQLPXP RSHUDWLRQ LPSOLFDWLRQV ZKLFK DUH




WR REWDLQ SULRULWLHV RI ULVNV DQG UDQNLQJ WKHP 7KH FHQWUH RI
DUHD PHWKRG LV XVHG IRU GHIX]]LILFDWLRQ IX]]\ QXPEHUV DQG
GHWHUPLQDWLRQFULVSYDOXHVRI531E\XVLQJ
D.Risk Weight Estimation  
(YHU\ IDLOXUH PRGH FRQWULEXWHV LQ ULVN DVVHVVPHQW IRU WKH
VDIHW\ GHVLJQ V\VWHP RI DLUSRUW DLUVLGHV ,W LV FRPSDUHGZLWK
RWKHUIDLOXUHPRGHVZLWKLQWKHVDPHVWDJH)$+3LVHPSOR\HG
WR DVVLJQ UHODWLYH SUHIHUHQFH DPRQJ WKH IDLOXUH PRGHV LQ D
V\VWHP 7KH SODQQLQJ GHYHORSPHQW DQG GHVLJQ V\VWHP LV
GHFRPSRVHGLQWRPXOWLSOHOHYHOVE\WKHFRQFHSWRIFRPSRQHQW
DQG VXEFRPSRQHQW OHYHOV WKDW FRXOG DIIHFW WKH VDIHW\
UHTXLUHPHQWV IRU WKH GHVLJQ GHYHORSPHQWV DQG RSHUDWLRQV RI
JURXQG PDQHXYHULQJ DUHDV LQ DLUSRUW DLUVLGHV 7KH KLHUDWLFDO
IUDPHZRUNRIWKHV\VWHPFRPSRQHQWVLVVKRZQLQ)LJ
)$+3 PHWKRGRORJ\ FRPSDUHV FRPSRQHQWV DQG VXE
FRPSRQHQWV E\ IX]]\ QXPEHUV WKDW DUH GHWHUPLQHG IURP D
QLQHSRLQWIX]]\VFDOHZKLFKKDYHTXDOLWDWLYHGHVFULSWRUVIRU
LQVWDQFHIX]]\QXPEHUIRXUILYHVL[LVGHVFULEHGE\µ¶VWURQJ




DQG )07KH SDLUZLVH FRPSDULVRQPDWUL[ IRU WKH VWDJHV LV
DOVR IRUPHG WRGHWHUPLQH WKHGHJUHHRI LPSRUWDQFH IRU HYHU\
VWDJHZLWKUHVSHFW WRRWKHUV IRUH[DPSOHFRPSDUH WKHPDVWHU
SODQ VWDJH ZLWK WKH VLWH VHOHFWLRQ FRQFHSWXDO GHVLJQ DQG
GHWDLOHGGHVLJQVWDJHV7KHSDLUZLVHFRPSDULVRQPDWULFHVDUH
IRUPHGE\DVVXPHGVFRUHVZKLFKDUHEDVHGRQWKHNQRZOHGJH
DQG RSLQLRQV RI H[SHUWV 7KH VFRUHV FDQ EH DVVLJQHG E\
OLQJXLVWLF WHUPV RU YDOXHV WKDW DUH WUDQVIRUPHG LQWR IX]]\
WULDQJXODUQXPEHUV7KHZHLJKWVRI VWDJHV DQG IDLOXUHPRGHV
DUH FRPSXWHG E\ JHRPHWULF PHDQ PHWKRG 7KH VHYHUDO
SDLUZLVHFRPSDULVRQPDWULFHVFDQEHIRUPHGDQGV\QWKHVL]HG
EDVHGRQWKHRSLQLRQVRIH[SHUWVZKRDUH LQWHUYLHZHGWRJLYH
WKHLU MXGJPHQW VFRUHV IRU FRPSDULVRQV 7KH JHRPHWULF PHDQ
PHWKRG LV HPSOR\HG WR FRPSXWH WKH ZHLJKWV IRU VWDJHV DQG
IDLOXUH PRGHV DV ORFDOO\ DQG RYHUDOO ZHLJKWV E\ XVLQJ 
7KHFULVSZHLJKWQXPEHUVDUHQRUPDOL]HGXWLOL]LQJ 
LQRUGHU WRDFFXUDWHO\DVVHVVWKHULVNVDWGHVLJQIRU WKHVDIHW\
V\VWHP 7KH ZHLJKW IDFWRUV IRU IDLOXUH PRGHV DQG VWDJHV
ZKLFKDUHSDUWRIDV\VWHPULVNDUHXVHGWRFDOFXODWHWKHPRUH







WD[LZD\ OD\RXW LQ PDVWHU SODQ VWDJH LV XWLOL]HG DV DQ
LOOXVWUDWLYHH[DPSOHWRGHPRQVWUDWHWKHSURSRVHGVDIHW\GHVLJQ
DVVHVVPHQW SURFHVVPRGHO WR DVVHVV WKH ULVNV IRU WKH JURXQG
PDQHXYHULQJDUHDLQWKHDLUSRUWDLUVLGHV
A. Expert Weight Factors  
7KHH[SHUW¶VWHDPLVHVWDEOLVKHGE\DVVXPHGH[DPSOH)LYH
H[SHUWV DUH DVVXPHGZLWK     DQG  H[SHULHQFH
\HDUV UHVSHFWLYHO\ 7KH H[SHUW¶V H[SHULHQFH IDFWRUV DUH
FDOFXODWHGE\DSSO\LQJDQGWKHEWFsIRUILYHH[SHUWVDUH
DQGUHVSHFWLYHO\




























66 03 &' ''
'HVLJQIRUVDIHW\
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([SHUW $2 36FRUH 8)1 6FRUH 8)1
(    
(    
( $ERXW  $ERXW 
(    
( +D]DUGRXV  0LQRU 
$JJUHJDWHG8)1V  

7KHVH VFRUHV DUH XVHG DV LQSXW QXPEHUV LQ PHPEHUVKLS
IXQFWLRQV RI$23$/ DQG)/ WRREWDLQ WKH FRUUHVSRQGLQJ
PHPEHUVKLS IXQFWLRQYDOXHVZLWKLQ UDQJH >@ DV VKRZQ LQ





([SHUW $5 )/6FRUH 8)1 6FRUH 8)1
(    
(    
( $ERXW  $ERXW 
(    

















































































x 5 ,) (IIHFW RQ $2 LV +D]DUGRXV DQG (IIHFW RQ 3 LV
0LQRU7+(1$2	3LV0DMRU
x 5 ,) (IIHFW RQ $2 LV +D]DUGRXV DQG (IIHFW RQ 3 LV
0DMRU7+(1$2	3LV+D]DUGRXV
x 5 ,)(IIHFW RQ$2 LV&DWDVWURSKLF DQG(IIHFW RQ3 LV
1R(IIHFWV7+(1$2	3LV0DMRU
x 5 ,)(IIHFW RQ$2 LV&DWDVWURSKLF DQG(IIHFW RQ3 LV
0LQRU7+(1$2	3LV0DMRU




x 5 ,)(IIHFW RQ$5 LV1R(IIHFWV DQG)/ LV1R(IIHFWV
7+(1$5	)/LV1R(IIHFWV
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7KH ILULQJ VWUHQJWKV DUH GHWHUPLQHG XVLQJ PLQLPXP
RSHUDWLRQVIRU$2	3DQG$5	)/DV
x Į PLQ^0DMRU1RHIIHFW` PLQ^` 
x Į PLQ^0DMRU0LQRU` PLQ^` 
x Į PLQ^0DMRU0DMRU` PLQ^` 
x Į PLQ^+D]DUGRXV1RHIIHFW` PLQ^` 

x Į PLQ^+D]DUGRXV0LQRU` PLQ^` 
x Į PLQ^+D]DUGRXV0DMRU` PLQ^` 
x Į PLQ^&DWDVWURSKLF1RHIIHFW` PLQ^` 

x Į  PLQ ^&DWDVWURSKLF0LQRU`  PLQ ^ `  

x Į  PLQ ^&DWDVWURSKLF0DMRU`  PLQ ^ `  

x Į   PLQ ^1R HIIHFW 1R HIIHFW`   PLQ ^ `  

x Į PLQ^1RHIIHFW0LQRU` PLQ^` 
x Į PLQ^1RHIIHFW0DMRU` PLQ^` 
x Į PLQ^0LQRU1RHIIHFW` PLQ^` 
x Į PLQ^0LQRU0LQRU` PLQ^` 
x Į PLQ^0LQRU0DMRU` PLQ^` 
x Į PLQ^0DMRU1RHIIHFW` PLQ^` 
x Į PLQ^0DMRU0LQRU` PLQ^` 





x MinoryuuR iimp `PLQ^   ED x MajoryuuR iimp `PLQ^   ED 
x MajoryuuR iimp `PLQ^   ED 
x MajoryuuR iimp `PLQ^   ED 
x MajoryuuR iimp `PLQ^   ED 
x HazardousyuuR iimp `PLQ^   ED 
x MajoryuuR iimp `PLQ^   ED x MajoryuuR iimp `PLQ^   ED 
x HazardousyuuR iimp `PLQ^   ED 
x effectssafetyNoyuuR iimp `PLQ^   ED 
x effectssafetyNoyuuR iimp `PLQ^   ED 
x MinoryuuR iimp `PLQ^   ED 
x effectssafetyNoyuuR iimp `PLQ^   ED 
x MinoryuuR iimp `PLQ^   ED 
x MajoryuuR iimp `PLQ^   ED 
x MinoryuuR iimp `PLQ^   ED 
x MajoryuuR iimp `PLQ^   ED x MajoryuuR iimp `PLQ^   ED 
7KH DJJUHJDWLRQ LV DSSOLHG WR REWDLQ RQH YDOXH IURP WKH
FRQWURO RXWSXWV E\ DSSO\LQJ WKH PD[LPXP RSHUDWLRQ
'HIX]]LILFDWLRQ LV DSSOLHG WR GHWHUPLQH WKH FULVS QXPEHU IRU
WKHHVWLPDWLRQRIWKHVHYHULW\FULWHULDE\XVLQJ7KHUHVXOWV
UHIHU WR WKH $2	3 VHYHULW\ HTXDOV WR  DQG $5	)/
VHYHULW\ HTXDOV WR  7KH VHYHULW\ RI HIIHFW RQ DLUFUDIW
RSHUDWLRQVDQGSHRSOH LVKLJKHU WKDQ WKHVHYHULW\RIHIIHFWRQ
DLUSRUWUHSXWDWLRQDQGILQDQFLDOORVV7KLVFRPSXWDWLRQUHVXOWV








$OO VWHSV ZKLFK DUH PHQWLRQHG DERYH DUH UHSHDWHG WR
HVWLPDWH WKH PXOWLSOH FULWHULD VHYHULW\ IURP VHYHULW\ RI
$2	3 DQG $5	)/ LQ RUGHU WR REWDLQ VLQJOH VHYHULW\
YDOXH 0&6 UHSUHVHQWV WKH DFWXDO VLWXDWLRQ RI VHYHULW\ IRU







XWLOL]HG DV DQ LOOXVWUDWLYH H[DPSOH WR H[SODLQ WKH 531




WKH)0 ILYHH[SHUWVKDYHJLYHQ WKHLU VFRUHV IRU2DQG'
DQG ZHLJKWHG VFRUHV DUH FDOFXODWHG DFFRUGLQJ WR  7KH
UHVXOWV DUH2      DQG'     
7KH VFRUHV RI WKUHH NLQGV RI SDUDPHWHUV DUH XVHG LQ
PHPEHUVKLS IXQFWLRQV RI 0&6 2 DQG ' WR REWDLQ WKH
FRUUHVSRQGLQJ0)YDOXHVZLWKLQUDQJH>@DV LOOXVWUDWHG LQ
)LJ
7KH UXOHVDUHHYDOXDWHGE\XVLQJ WKHYDOXHVRI WKH0)VDV
LQSXW YDOXHV IRU WKH UXOH VWDWHPHQW WR YHULI\ZKLFK UXOHV DUH
ILUHG 7KH ILUHG UXOHV LQFOXGH WKH UHDO YDOXHV IRU DOO SDUWV RI
UXOHVWDWHPHQWDVJLYHQSDUWVDQGUHVXOWSDUW7KHILUHGUXOHVIRU
WKHWKUHHULVNSDUDPHWHUVRI)0DUH
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7KH ILULQJ VWUHQJWKV DUH GHWHUPLQHG E\ XVLQJ PLQLPXP
RSHUDWLRQVDVIROORZV
x Į PLQ^` 
x Į PLQ^` 
x Į PLQ^` 


























x Į PLQ^` 
x Į PLQ^` 
x Į PLQ^` 
x Į PLQ^` 
x Į PLQ^` 
7KHLPSOLFDWLRQVDUHGHWHUPLQHGE\PLQLPXPRSHUDWLRQIRU




x MediumyuuR iimp `PLQ^   ED 
x MediumyuuR iimp `PLQ^   ED x MediumyuuR iimp `PLQ^   ED 
x MediumyuuR iimp `PLQ^   ED 
x MediumyuuR iimp `PLQ^   ED 
x MediumyuuR iimp `PLQ^   ED 
x MediumyuuR iimp `PLQ^   ED 
x MediumyuuR iimp `PLQ^   ED x MediumyuuR iimp `PLQ^   ED 
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RXWFRPHV E\ DSSO\LQJ WKHPD[LPXP RSHUDWLRQ E\ XVLQJ 
'HIX]]LILFDWLRQ LV DSSOLHG WR GHWHUPLQH WKH FULVS YDOXH IRU
531E\XVLQJ7KHUHVXOWUHIHUVWRWKH531HTXDOVWR






DUH RUGHUHG IURP )0 WR )0 LQ VLWH VHOHFWLRQ )0 WR
)0 LQPDVWHU SODQ )0 WR )0 LQ FRQFHSWXDO GHVLJQ
DQG )0 WR )0 LQ GHWDLOHG GHVLJQ DW WKH SODQQLQJ

















































































D.Relative Preference Estimation  
7KH SDLUZLVH FRPSDULVRQ PDWUL[ RI WKH PDVWHU SODQ VWDJH
FDQEHIRUPHGDQGV\QWKHVL]HGE\H[SHUWVDQGLWLQFOXGHVILYH
IDLOXUHPRGHV ZKLFK DUH H[SHFWHG GHPDQG DLUVLGH FDSDFLW\
HIILFLHQF\ RI WD[LZD\ OD\RXW ILQDQFH DQG IOH[LELOLW\ RI
WD[LZD\ V\VWHP 7KH VFRUHV RI LPSRUWDQFH DUH REWDLQHG E\
DVVXPHGH[SHUWV¶MXGJPHQWVDQGH[SHULHQFHZHLJKWIDFWRUVIRU
PDWUL[RIî(YHU\IDLOXUHPRGHLVFRPSDUHGZLWKRWKHUV
EDVHG RQ GHJUHH RI LPSRUWDQFH IRU H[DPSOH HIILFLHQF\ RI
WD[LZD\ OD\RXW KDV PRUH LPSRUWDQFH WKDQ IOH[LELOLW\ RI
WD[LZD\V\VWHPDQGLWKDVDWULDQJXODUIX]]\QXPEHUHTXDOWR
DVGHPRQVWUDWHGLQ7DEOH9,,QWKLVVDPSOH
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RWKHU IDLOXUHPRGHV DQG WKH)0KDV ORZHVW LPSRUWDQFH LQ
WKH PDVWHU SODQ VWDJH 7KH VLPLODU FDOFXODWLRQ SURFHGXUH LV
DSSOLHG IRU WKH RWKHU VWDJHV WR FRPSXWH WKH ZHLJKWV IRU DOO
FRQVHTXHQFHVRIIDLOXUHPRGHV7KHZHLJKWVIRUWKHVWDJHVDUH
DOVRFRPSXWHGLQDVLPLODUZD\
7KH UHVXOWV RI FDOFXODWLRQV IRU DOO GHVLJQ VWDJHV DUH
LOOXVWUDWHG LQ WKH 7DEOH 9,, 7KH\ UHIHU WR 531 IRU )0
FRQVHTXHQFHVYDU\IURPKLJKULVNVXFKDV)0)0HWF
WRORZULVNVXFKDV)0WKHVHYDULDWLRQVDUHGHSHQGHGRQ








6WDJH )0 531 :HLJKWIDFWRU
:HLJKWHG
531 6WDJH531
6LWH )0    
6HOHFWLRQ )0    
)0    
)0    
)0    
)0    
0DVWHU )0    
3ODQ )0    
)0    
 )0    
 )0    
&RQFHSWXDO )0    
'HVLJQ )0    




































EHWZHHQ PHGLXP DQG KLJK ULVN OHYHOV ZLWK YDULHW\ RI
SHUFHQWDJHV IRU LQVWDQFH PDVWHU SODQ LV EHORQJHG  
PHGLXP ULVN DQG   KLJK ULVN )XUWKHUPRUH WKH 531 RI
SODQQLQJDQGGHVLJQV\VWHPZKLFKLVEHORQJHGKLJKDQG
PHGLXPLVDVLOOXVWUDWHGLQ7DEOH9,,,DQG)LJ














6LWH   
6HOHFWLRQ 0HGLXP5LVN  
+LJK5LVN  
0DVWHU   
3ODQ 0HGLXP5LVN  0HGLXP5LVN
+LJK5LVN  +LJK5LVN
&RQFHSWXDO   











WKH SODQQLQJ DQG GHVLJQ V\VWHP ,W PD\ VXSSRUW DLUSRUW
LQGXVWULHV WR PDNH GHFLVLRQ DQG SULRULWLHV IRU WKH UHTXLUHG
PLWLJDWLRQV DQG NLQGV RI DFWLRQ SODQ 7KH PRGHO FDQ EH
XWLOL]HG WR DVVHVV WKH XQH[SHFWHG ULVNV ZKLFK FRXOG RFFXU
LQIUHTXHQWO\ LQ DLUSRUW DLUVLGHV 7KH SURSRVHG PRGHO ZLOO
VXSSRUW DLUSRUW RSHUDWRUV DQG GHVLJQHUV WR DVVHVV WKH ULVNV
SHULRGLFDOO\ DQG PDNH GHVLJQ UHYLHZLQJ DFFRUGLQJ WR PRUH
FUHGLWDEOHVHULRXVQHVVRIULVNVE\LQWURGXFLQJWKHQHZVHYHULW\
SDUDPHWHUV,WLVGHYHORSHGWRSUHSDUHDQGUHYLHZWKHSODQQLQJ
DQG GHVLJQ V\VWHP IRU DLUSRUW DLUVLGH LQ SDUWLFXODU WKRVH
JURXQG WKHPDQHXYHULQJDUHDVEDVHGRQULVNDVVHVVPHQW7KH
QXPHULFDOFDOFXODWLRQVGHPRQVWUDWHWKHEHQHILWRIULVNDQDO\VLV
LQ GHWDLOV IRU IDLOXUH PRGHV VWDJHV DQG IRU D ZKROH V\VWHP
7KH FRPELQDWLRQ DSSURDFK RI )(0&$ )5$ DQG )$+3
SURYLGHVXVHIXOPHWKRGRORJ\IRUDLUSRUWRSHUDWRUVWRDXGLWDQG
UHYLHZWKHGHVLJQDQGRSHUDWLRQDOFRQWUROIRUDLUSRUWDLUVLGHV
,Q DGGLWLRQ LW VHHPV WR EH KHOSIXO IRU ULVN DVVHVVPHQW DQG
PLWLJDWLRQ DQG UHGXFWLRQ RI WLPH DQG FRVW DFFRUGLQJ WR ULVN
SULRULWLHV
5()(5(1&(6
>@ 6 :LONH $ 0DMXPGDU DQG : < 2FKLHQJ ³7KH LPSDFW RI DLUSRUW
FKDUDFWHULVWLFV RQ DLUSRUW VXUIDFH DFFLGHQWV DQG LQFLGHQWV´ Journal of 
safety research53
>@ 6 :LONH $ 0DMXPGDU DQG : < 2FKLHQJ ³$LUSRUW VXUIDFH
RSHUDWLRQV $ KROLVWLF IUDPHZRUN IRU RSHUDWLRQV PRGHOLQJ DQG ULVN
PDQDJHPHQW´Safety Science63
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>@ )$$ ³,QWURGXFWLRQ IRU VDIHW\ PDQDJHPHQW V\VWHP 606 IRU DLUSRUW
RSHUDWRUV$GYLVRU\FLUFXODU´:DVKLQJWRQ'&)HGHUDO
$YLDWLRQ$GPLQLVWUDWLRQSSL





V\VWHPVZLWKPXOWLSOHIDLOXUHVWDWHYDULDEOHV´ Reliability Engineering & 
System Safety50
>@ $ 8PDU 0 $Q DQG - % 2GRNL ³$SSOLFDWLRQ RI SULQFLSOHV RI
LQKHUHQWO\ VDIH GHVLJQ PHWKRGRORJ\ LQWR WKH GHYHORSPHQW RI RIIVKRUH
SODWIRUPV´
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VHFXULW\&DVH VWXGLHVRI WKUHH6FRWWLVKDLUSRUWV´ International Journal 
of Strategic Property Management13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
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>@ &0)HQJDQG&&&KXQJ³$VVHVVLQJWKH5LVNVRI$LUSRUW$LUVLGH






>@ < 0 :DQJ &KLQ . 6 * . . 3RRQ DQG - % <DQJ ³5LVN
HYDOXDWLRQ LQ IDLOXUH PRGH DQG HIIHFWV DQDO\VLV XVLQJ IX]]\ ZHLJKWHG
JHRPHWULF PHDQ,´ Expert Systems with Applications 36 

>@ 0$Q<&KHQDQG&%DNHU³$IX]]\UHDVRQLQJDQGIX]]\DQDO\WLFDO
KLHUDUFK\ SURFHVV EDVHG DSSURDFK WR WKH SURFHVV RI UDLOZD\ ULVN
LQIRUPDWLRQ$UDLOZD\ULVNPDQDJHPHQWV\VWHP´,QIRUPDWLRQ6FLHQFH
YROQRSS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
>@ 0 $Q : /LQ DQG $ 6WLUOLQJ ³$Q LQWHOOLJHQW UDLOZD\ VDIHW\ ULVN
DVVHVVPHQW VXSSRUW V\VWHP IRU UDLOZD\ RSHUDWLRQ DQG PDLQWHQDQFH
DQDO\VLV,´7KHRSHQ7UDQVSRUWDWLRQ-RXUQDOYROSS
>@ $ $ 8PDU ³Design for safety framework for offshore oil and gas 




>@ 0$ -U+ 6KLUD]L 6&DUGRVR -%URZQ5 6SHLU2 6HOH]QHYD -
+DOO 7 3X]LQ - /DIRUWXQH ) &DSDUUR] 5 5\DQ DQG ( 0F&DOO
³$&535HSRUW6DIHW\0DQDJHPHQW6\VWHPVIRU$LUSRUWV9ROXPH
*XLGHERRN,´Transportation Research Board of the National Academies, 
Washington, DCSS
>@ 7 < +VLHK 6 7 /X 	 * + 7]HQJ ³)X]]\0&'0 DSSURDFK IRU





0DLWKHP$O6DDGL LV D 3K' FDQGLGDWH LQ WKH 6FKRRO RI &LYLO (QJLQHHULQJ
8QLYHUVLW\RI%LUPLQJKDP+HUHFHLYHGKLV%6F6XUYH\LQJ(QJLQHHULQJDQG
0(QJ +LJKZD\ DQG $LUSRUW (QJLQHHULQJ GHJUHHV IURP 8QLYHUVLW\ RI
%DJKGDG LQ  DQG 8QLYHUVLW\ RI 7HFKQRORJ\ LQ %DJKGDG LQ  ,UDT
UHVSHFWLYHO\ +H ZDV DQ $VVLVWDQW (QJLQHHU D 6XSHUYLVRU DQ $VVLVWDQW
0DQDJHU DQG DQ $VVLVWDQW &KLHI (QJLQHHU LQ WKH 'RPHVWLF $LUSRUWV
'HSDUWPHQWRI,UDTL&LYLO$YLDWLRQ$XWKRULW\$O1DMDI$LUSRUW&RQVWUXFWLRQ
'HVLJQ 'LYLVLRQ RI 0LGGOH (XSKUDWHV ,QWHUQDWLRQDO $LUSRUW DQG 6DIHW\
0DQDJHPHQW2IILFHRI%DJKGDG,QWHUQDWLRQDO$LUSRUW+HZDVDOVRD/HFWXUHU
LQ &LYLO $YLDWLRQ ,QVWLWXWH RI ,&$$ %DJKGDG ,UDT EHIRUH MRLQHG WKH
8QLYHUVLW\ RI %LUPLQJKDP 0U $O6DDGL LV D PHPEHU RI ,UDTL (QJLQHHUV
8QLRQ DQG -DSDQ ,QWHUQDWLRQDO &RRSHUDWLRQ $JHQF\ -,&$ $OXPQL
$VVRFLDWLRQDQGKROGVFHUWLILFDWHVRI7HUPLQDO%XLOGLQJ3ODQQLQJDQG'HVLJQ





RI &LYLO (QJLQHHULQJ DW WKH 8QLYHUVLW\ RI %LUPLQJKDP DQG D 3URIHVVRU RI
6DIHW\ DQG 5LVN (QJLQHHULQJ LQ %HLMLQJ -LDRWRQJ 8QLYHUVLW\ +H LV DOVR WKH
'LUHFWRUVRI06FLQ&LYLO(QJLQHHULQJDQG&LYLO(QJLQHHULQJ	0DQDJHPHQW
DVVRFLDWH HGLWRU DQGPHPEHURI HGLWRULDOERDUG IRU LQWHUQDWLRQDO MRXUQDOV
DQG PHPEHU RI ,&( ,0HFK( DQG ,(QJ' +H UHFHLYHG KLV %(QJ DQG06F
GHJUHHVIURP;LDQ-LDRWRQJ8QLYHUVLW\&KLQDLQDQGUHVSHFWLYHO\
DQGWKHQKHZDVDQ(QJLQHHUDQGD&KLHI(QJLQHHULQWZRGHVLJQLQVWLWXWLRQV
IRU QLQH \HDUV+H UHFHLYHG KLV 3K' GHJUHH IURP+HULRW:DWW8QLYHUVLW\ LQ
DQGWKHQKHZDVD3RVWGRFWRUDO5HVHDUFK)HOORZDQGWKHQD/HFWXUHULQ
/LYHUSRRO -0 8QLYHUVLW\ D 6HQLRU /HFWXUHU DQG 'LUHFWRU RI (QJLQHHULQJ
'HVLJQ 5HVHDUFK &HQWUH LQ &RYHQWU\ 8QLYHUVLW\ +LV H[SHUWLVH LV PDLQO\ LQ
SURMHFW DQG WUDQVSRUW ULVN PDQDJHPHQW DQG VDIHW\ ULVN DVVHVVPHQW
SDUWLFXODUO\ LQ WKH ILHOGV RI FRQVWUXFWLRQ UDLOZD\V RIIVKRUH RLO 	 JDV
KLJKZD\WUDQVSRUWDWLRQDLUSRUWDQGQXFOHDU
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